plasia is also found as an isolated anomaly (3,4) or in association with minor deformities compatible with survival, i.e. oligohydramnios deformation sequence following prolonged rupture of the fetal membranes (5).
demonstrated, using perinatal autopsy data, that prolonged oligohydramnios, irrespective of its cause, was associated with fetal lung hypoplasia. More recently, experimental evidence derived from work in various mammalian species confirmed this association (8) (9) (10) (11) . Two important questions remain unanswered: I) what is the mechanism by which lack of amniotic fluid interferes with fetal lung growth? 2) What are the influences of both gestational age at the onset of oligohydramnios, and its duration, on the degree of lung hypoplasia? This report focuses on the latter question using the guinea pig model of oligohydramnios. A preliminary account of these experiments has been published previously (12) .
Fetal lung growth proceeds in three consecutive stages, i.e. the pseudoglandular, canalicular, and terminal sac stages. Although this sequence is invariable, its timing in gestation varies among species. We induced oligohydramnios between days 40 and 55 of gestation in the guinea pig, a period roughly corresponding to 18 to 29 wk of gestation in the human. The five time-frames studied are illustrated in Figure I , along with the stages of fetal lung development involved. More specifically, the experiments were as follows: experiment A: drainage between days 40 and 45 (5 days); experiment B: drainage between 45 and 50 (5 days); experiment C: drainage between days 50 and 55 (5 days); experiment D: drainage between days 40 and 50 (10 days); experiment E: drainage between days 45 and 55 (10 days).
All fetuses were sacrificed at the end of the 5-or 10-days study period to assess fetal and lung growth. In order to overcome the effects of variation between litters, we used untouched littermate fetuses as controls. Whenever possible, untouched littermate fetuses located at the same level in the opposite uterine horn were chosen as paired controls in order to control for the naturally occurring intralitter variation in fetal size.
Pregnant guinea pigs (Cavia porcellus, Camm-Hartley strain) were obtained 30 days after mating from the Camm Research Laboratory, Wayne, NJ. Pregnant animals were caged individually and provided with guinea pig chow no. 5025 (Ralston Purina Co.) and tap water ad libitum. Following an overnight fast, the animals were anesthetized with intramuscular injections of ketamine hydrochloride (40 mg/kg) (Ketaset, Bristol Lab.) and acepromazine maleate (3 mg/kg) (Tech America Group, Inc.). After local anesthesia with lidocaine, a midline laparotomy was performed. Both uterine horns were exteriorized and the position of each fetus was recorded. Half the litter was randomly assigned to the experimental group and the other half served as 951 ABSTRACf. We drained amniotic fluid for periods of 5 and 10 days at various times in gestation between days 40 and 55 in the guinea pig (term is 67 days). We analyzed the impact of this procedure on fetal lung growth and used untouched littermate fetuses as controls. During the canalicular stage of lung development, total lung DNA per gram of fetal weight was significantly reduced after only 5 days of oligohydramnios and the percent change did not vary between the two consecutive 5-day periods studied (period A, days 40 to 45, 0 of -0.047 mg, P = 0.004; period B, days 45 to 50, 0 of -0.042 mg, P = 0.002). The impact of the same duration of oligohydramnios on lung growth later in gestation, during the terminal sac stage of lung development, was less (period C, days 50 to 55, 0 of -0.027 mg, P = 0.097). This reduction in effect between period A or Band C was significant at the 0.05 level using a oneway analysis of variance. Two overlapping 10-day periods were also studied. In both experiments, the percent changes in lung DNA per gram of fetal weight between experimental and Iittermate controls were significant (period D, days 40 to 50, 0 of -0.072 mg, P =0.001; period E, days 45 to 55, 0 of -0.047 mg, P = 0.001). The inhibitory effect of oligohydramnios on lung growth was more marked in period D than E (significant at the 0.05 level). A two-way analysis of variance indicated that the magnitude of the changes was related to both the time of onset and the duration of oligohydramnios. We conclude that even a short period of oligohydramnios interferes with lung development, and that the extent of this interference depends to a large extent on the time of onset and to a lesser extent on the duration of oligohydramnios. Irrespective of duration, the greatest effects were observed during the canalicular stage of lung development. (Pediatr Res 20: 951-954, 1986) In recent years, congenital lung hypoplasia has become a common pathological finding in perinatal deaths (I), The emergence of lung hypoplasia at autopsy results mainly from a decrease, through improved prevention and treatment, in the incidences of previously more common pulmonary pathologies such as severe meconium aspiration, congenital pneumonia, and hyaline membrane disease (2) . Multiple congenital malformations are found in the majority of infants with lung hypoplasia, i.e. diaphragmatic hernia, renal anomalies, right-sided cardiac lesions, and musculoskeletal disorders (3). However, lung hypo-
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45------~------55 controls (litter size varied between two and six fetuses). We used one to two pairs of fetuses per litter, and the actual distribution is detailed in "Results." Oligohydramnios was induced by creating an amnioperitoneal fistula as follows. A 0.5-cm incision was made on the antimesometrial side of the uterus. A similar incision was then made in the inverted yolk sac without disrupting the vitel1ine circulation. At this point the intact amnion, presenting itself through the incision, bulging with amniotic fluid, was pulled and torn with a forceps. This procedure leaves a hole of more than I cm in diameter in the amnion and leads to continued leakage of amniotic fluid to the maternal peritoneal cavity. The maternal abdomen was closed in two layers and the animals returned to their cages. Preoperative daily care was resumed.
On the day of sacrifice, the fetuses were delivered abdominally under Ketamine anesthesia. The uterine horns were inspected and the patency of the amnioperitoneal fistulas was verified. Only fetuses noted to be alive (fetal movements) at the time of laparotomy were used for further analyses. The entire pregnant uterus was excised and placed on ice until cessation of fetal movements. Following drainage ofeach fetal sac into Petri dishes, the volumes of amniotic fluid were measured to 0.1 ml with a graded syringe. Strictly speaking the fluid drained is not only amniotic in origin; due to the persistence of the inverted yolk sac it contains a small amount ofexocoele fluid (14) . Only fetuses with a patent uteroperitoneal fistula and no amniotic fluid at the time of sacrifice were considered satisfactory experimental animals and were further processed for analyses. The fetuses were examined, weighed, and measured. They were then dissected on ice and their lung, liver, brain, and placenta were weighed to the nearest 0.1 mg on a Mettler scale. Total lung DNA was extracted according to the method of Munro and Fleck (15) and measured by ultraviolet absorption. Protein content was measured by the Biuret method.
The values for body and organ weights and biochemical results were entered into a computer data base. Following data verification steps, the statistical analysis proceeded in two stages. During the preliminary phase, descriptive statistics were generated for each of the variables recorded. These included means and SDs over each of the five sets of experiments for all the animals studied. This step was used to assess whether the data were uniformly distributed and to compare our values with those of others. During this preliminary phase, initial comparisons of differences between control and experimental fetuses were performed using two sample t tests. Because of the relatively small number of animals studied (approximately five to six pairs per experiment), the large number of variables available, and the results of the preliminary analysis, we decided to restrict the secondary analysis to a single parameter, total lung DNA per gram of fetal weight. This ratio was chosen since it reflects lung cell number, corrected for fetal size, and is thus a good index of lung growth. During this secondary phase of data management, one-and two-way analyses of variance were used to assess whether the magnitude of the effect of oligohydramnios on lung growth was related to the onset of the oligohydramnios (with respect to gestational age of the fetus) and to the duration of the insult, or to some interaction between these two factors.
RESULTS
Fetal mortality in the form of early abortions was between 30 and 40%, depending on the time of onset of oligohydramnios. However, there was no significant difference in abortion rates over the five time periods of this study. A microscopic examination of the placentas and membranes in a subset of aborted fetuses failed to incriminate infection as a determinant of abortion. Retained fetal deaths were noted in only three instances (two experimental and one control fetuses). All fetuses used for further analyses were alive and well as documented by fetal activity. The mean volumes of amniotic fluid recovered from control fetuses on days 45, 50, and 55 were in keeping with the published data (16) and are shown in Table I , along with the descriptive statistics on fetal body and organ weights.
Lung weights were consistently and significantly less in the experimental animals following amniotic fluid drainage. In contrast, and with only a single exception (i.e., brain weights in experiment C), there were no significant differences in the weights of placenta, liver, and brain between experimental and control fetuses. Similarly, and also with only one exception (i.e. experiment D), there was no appreciable difference in fetal body weights. The weights of several other organs were also recorded (heart, kidney, adrenal, spleen) and are not shown in Table I for simplification. There were no significant differences in these values between experimental and control fetuses. Of note, the kidneys of all experimental groups together weighed on the average 96% of the control values.
The fetal lungs were found to be hypoplastic (less lung DNA per unit of fetal weight) in four of the five experiments. The mean values of this parameter in control and experimental fetuses and the mean differences between the two groups and the results of paired t tests are summarized in Table 2 . Except for experiment C (short-term late in gestation), there were significant differences between the values for experimental and control fetuses. The average differences for the short-term experiments were similar in experiments A and B, 0.047 and 0.042 mg respectively, and was reduced to 0.027 mg for experiment C. This reduction in effect between experiments A or Band C was found to be significant at the 0.05 level using a one-way analysis of variance. When comparing the results of the two long-term experiments, the effect of oligohydramnios was greater in experiment D (0 = 0.072) than in experiment E (0 = 0.047). This difference was significant at the 0.05 level using a one-way analysis of variance. A two-way analysis of variance indicated that the magnitude of the changes in lung DNA was directly related to both the time of onset and the duration of oligohydramnios. However, while the effect of onset was statistically significant (F = 3.43, p < 0.05), the effect of duration was not (F = 1.56, p > 0.05). 
DISCUSSION
Oligohydramnios in the guinea pig leads to a selective pattern of fetal growth retardation with a predominant impact on lung growth and sparing other organs. We have described a similar pattern in three other species (rat, sheep, human) (8, 11, 17) and lung hypoplasia has been documented by others following drainage or aspiration of amniotic fluid in the rabbit and the monkey (9, 10) . This cumulative evidence suggests that normal amniotic fluid volume is a universal determinant of lung growth in the mammalian fetus. The possible ways by which amniotic fluid allows for normal fetal lung growth are many and their presentation is be yond the scope of this discussion (18) . At this point, it is difficult to determine whether, in addition to lack of amniotic fluid itself, other mechanisms may have contributed to impaired fetal lung growth in our experiment. The design of the experiment allows control for maternal factors (anesthesia, laparotomy, temporarily reduced caloric intake) since experimental fetuses were compared to littermates. The stress imposed on the experimental fetus by creating an amnioperitoneal fistula, acutely draining amniotic fluid and possibly altering uteroplacental perfusion is difficult to control for. However, it is thought that chronic fetal stress impairs more, or at least equally, fetal liver than fetal lung growth, leading to a pattern of fetal growth retardation different from the one observed in our experiment (19) (20) (21) . We found no evidence of fetal infection by histological examination of the placentas.
Our results demonstrate that fetal lung growth in the guinea pig is inhibited by a short period of oligohydramnios (5 days or 7-8% of gestation), and that the effect is significantly more pronounced during the canalicular stage of lung development. Using an analysis ofvariance, we documented that the magnitude of the change between the various experiments (i.e. the different time frames in gestation) was related to both the time of onset and the duration of oligohydramnios. Although we found that the earlier the onset and the longer the duration of oligohydramnios, the more marked was the effect on lung growth, these relationships were compounded by another factor not known at the time of the study design.
We recently documented that the fetal guinea pig lung is in the canalicular stage of development by 40 days and that the terminal sac stage extends between day 50 and term (67 days) (13) . Considering the effect of oligohydramnios on lung growth and differentiating between canalicular and terminal sac stages, the following observations can be made. 1) The impact of 5 days duration is similar in the second third and the last third of the canalicular stage (i.e. experiments A and B).
2) The impact of 10 days duration during the canalicular stage (experiment D) appears cumulative, with the magnitude of the change approximating the sum of the changes seen in two consecutive 5-day periods (experiments A and B). However, this observation is not as clean as may appear at first glance. The values for lung DNA per gram of fetus for the controls in all five experiments vary between 0.172 and 0.19 I (see Table 2 ) and the values for the controls at 50 days (experiments B and D) represent the extremes of this distribution. This disparity between control values could significantly impact on the validity of the above conclusions (cumulative effect). If one were to assume that lung DNAjg fetus does not vary for controls at the gestational ages studied, the value for the mean of all five study periods would be 0.182 (which is also the mean for both control groups at day 50). Using this new mean control value, the impact of 10 days of oligohydramnios during the canalicular stage (0, 0 of 0.063) is less than the sum ofthe changes seen during two consecutive 5-day periods (A, 0 of 0.043; B, 0 of 0.049).
3) The impact of 5 days of oligohydramnios during the terminal sac stage although not negligible, is significantly less than that resulting from the same duration of insult in the canalicular stage. 4) The impact of a 10-day period including 5 days of late canalicular and 5 days of early terminal sac stage (experiment E) appears to be predominantly the result of interference with lung growth during the canalicular stage of lung development (Le. magnitude of change is similar to that seen in experiment B). This was verified by the two-way analysis of variance.
Traditionally, prolonged rupture of the membranes occurring in a preterm pregnancy has been thought to present a dilemma in obstetrical management because of the risk of infection and reduced chances of fetal survival associated with prematurity. Unless evidence of infection develops, the current trend is for conservative management. However, recent clinical evidence suggests that another threat should be considered when rupture of the membranes leads to oligohydramnios, i.e. fetal lung hypoplasia (22, 23) . Clinically we are particularly interested in what happens to lung growth with oligohydramnios during the canalicular to early terminal sac stages of lung development. This period extends between the time when early diagnosis of oligohydramnios can be made by ultrasound and the gestational age of28 to 30 wk, when good chances for intact extrauterine survival can be expected.
Although great caution must be used before information obtained with animal models can be extrapolated to humans, our results are compatible with a recent clinical study. Nimrod et al. (22) observed that both gestational age at rupture and length of the latent period (until delivery) were associated with lung hypoplasia, particularly below 26 wk of gestation. Of note, Thibeault et al. (23) observed that lung hypoplasia was "relatively common" in infants born prematurely with ruptured membranes for more than 5 days.
In summary, we have presented an animal model of oligohydramnios-induced lung hypoplasia and demonstrated that even short periods (7-8%) of gestation without amniotic fluid impair lung growth. This effect was greatest during the canalicular stage but was still noticeable (yet not statistically significant) during the terminal sac stage of lung development.
